Carbon spheres prepared from a resol-type phenol-formaldehyde resin at 1000°C were activated in a flow of dry air in order to understand the process of pore development through the use of master curves for each pore parameter. Pore development in the carbon spheres by such oxidation was characterized through analyses of nitrogen adsorption isotherms by different methods.
INTRODUCTION
Activated carbons have played important roles since pre-historical times and have now become important materials in various fields of technology. Industrial applications of activated carbons to modern technology demand strict control of their pore structure, e.g. in applications to vehicle canisters, the storage of natural gas, electrode materials for electric double-layer capacitors, etc. (Sanada et al. 1992; Rodrigez-Reinoso 1997; Burchell 1999; Inagaki 2000) . The most important process for the production of these activated carbons is activation, which has been studied by a number of researchers and engineers from different points of view. In addition, different activation processes have been developed using, for example, steam, ZnCl 2 or KOH in order to develop micropores and to generate activated materials with high surface areas (Sanada et al. 1992; Rodrigez-Reinoso 1997) . Such activation involves the oxidation and gasification of precursor carbons, most being hard carbons containing a large amount of macropores.
In an attempt to understand the oxidation reactions involved in gasification, attempts have been made to normalize the fractional burn-off in different atmospheres (using different oxidizing agents such as O 2 , steam and CO 2 at different pressures) as a function of t/t 0.5 , where t 0.5 is the time necessary to obtain a fractional burn-off of 0.5 (Mahajan et al. 1978) . The experimental data for burn-off obtained at a constant temperature for each oxidizing agent were successfully unified into one curve. This procedure has been used for the analysis of the gasification reaction of chars (Kasaoka et al. 1985; Peng et al. 1986 ) and has also been applied successfully to data measured at different temperatures (Raghunathan and Yang 1989) to obtain so-called "unification curves". Indeed, as shown in our previous paper (Inagaki and Suwa 2002) , the activation of hard carbon spheres in a wet air atmosphere at different temperatures and residence times was interpreted by a master curve for the activation yield, thereby suggesting that the conversion between oxidation temperature and time was possible. Using the same carbon spheres, it is also possible to interpret the adsorption behaviours of various organics from their aqueous solutions in terms of master curves for each adsorbate as a function of oxidation temperature and time (Inagaki and Sakanishi 2003) . Changes in pore properties during carbonization and oxidation of the same carbon spheres have also been discussed (Kim et al. 2003) . The unification curves mainly used in studies of the gasification of coals (Mahajan et al. 1978; Raghunathan and Yang 1989) have been shown to be functions of dimensionless time t/t 0.5 , while the master curves derived in our group were expressed by a real time at a reference temperature. The former method seems to be useful in comparing the gasification of various carbonaceous materials and discussing its mechanism, while the latter method may useful in discussing the activation conditions necessary for the preparation of activated carbons.
In the present work, carbon spheres prepared from a resol-type phenol-formaldehyde resin at 1000°C were activated in a dry air atmosphere in an attempt to understand the process of pore development via master curves for each pore parameter. Pore development in the carbon spheres by oxidation was characterized through an analysis of the corresponding nitrogen adsorption isotherms using different methods. The adsorption of phenol from its aqueous solution was studied as a function of both oxidation temperature and time, and its dependence on the micropore volume discussed.
EXPERIMENTAL
Carbon spheres with a particle size of ca. 10 µm, prepared from a resol-type phenol-formaldehyde resin by carbonization at 1000°C, were selected. A known weight (10.0 g) of such spheres was placed in an alumina boat (50 × 90 mm; depth, 10 mm) and heated at different temperatures within the range 355-430°C for different time periods between 1 h and 100 h in a tubular furnace of 60-mm internal diameter in a dry air flow. The air was initially dried by passing through a silica gel column and then over the surface of P 2 O 5 at a flow rate of 50 ml/min. Although the carbon spheres contained a small amount of CaF 2 , this had no influence on their oxidation at the relatively low temperatures employed in the present work.
After air oxidation, the oxidation yield was calculated from the mass loss during the oxidation process. Nitrogen adsorption/desorption experiments at −196°C were then conducted on the activated carbon spheres and different pore parameters were determined from the measured isotherms using different analytical techniques. Thus, the BET surface area was calculated by use of the adsorption data obtained up to a relative pressure P/P 0 < 0.3. Through analysis via the so-called α S -plot, it was possible to calculate the total surface area, external surface area and micropore volume, the microporous surface area being derived from the difference between the total and external surface areas. DFT analysis was employed to obtain the pore-size distribution over the micropore size range (up to 2 nm), while the volumes of micropores (< 2.0 nm) and of ultramicropores (< 0.8 nm) were obtained by cumulative methods. The volume of mesopores (2-50 nm) was determined using the BJH method. SEM observations on the carbon sphere surfaces were made using an electron beam accelerated by 10 kV.
Adsorption of phenol from its aqueous solution was determined on the oxidized carbon spheres. Thus, on the basis of preliminary measurements of the adsorption isotherms for some carbon spheres, the saturated amount of phenol adsorbed into the carbon spheres was determined after maintaining the sample spheres with stirring at room temperature in an aqueous solution of phenol of 0.02 mol/l concentration for 24 h. by shifting the experimental points at each oxidation temperature along the abscissa (logarithm of the oxidation time) to coincide with the data points measured at 400°C.
RESULTS

Oxidation yield
A plot of the shift factors against the inverse of the oxidation temperature (the Arrhenius plot) gave a linear relationship as shown in Figure 1 (c); its slope gave an apparent activation energy, ∆E, of ca. 150 kJ/mol. In wet air, the corresponding value of ∆E was ca. 200 kJ/mol as reported in our previous paper (Inagaki and Suwa 2002) .
Pore development
BET surface area
The BET surface area was plotted as a function of both the oxidation temperature and the time as shown in Figure 2 (a). The BET surface area obtained at 355°C increased slightly from a value of ca. 400 m 2 /g with increasing oxidation time. At the highest temperature of 430°C, the BET surface area suddenly increased after 30 h oxidation but then decreased with increasing oxidation time. However, it should be noted that at 400°C the BET surface area already had a high value close to 800 m 2 /g after oxidation for the relatively short time of 10 h. Intermediate oxidation temperatures resulted in intermediate changes in the BET surface area, as shown by the dotted line for 400°C depicted in the figure. The same procedure as used for the oxidation yield was applied to obtain the master curve at 400°C for the BET surface area [ Figure 2 (b)]. The same values for the shift factors as used for oxidation yield were applied to obtain this master curve. This latter point is important and suggests an interconversion between oxidation temperature and time was possible for the BET surface area. Thus, the BET surface area increased gradually at the start of oxidation followed by an initial relatively rapid increase as oxidation progressed. However, at higher oxidation times, a rapid decrease in the BET surface area occurred.
Using simple oxidation in dry air and an appropriate selection of the experimental conditions (i.e. ca. 30 h at 430°C or ca. 65 h at 400°C), it was possible to obtain BET surface areas greater that 1000 m 2 /g. However, at temperatures below 370°C, it was not possible to achieve a maximum BET surface area even after oxidation for 100 h. The four pore parameters determined by α S -plot analysis, i.e. micropore volume, microporous surface area, external surface area and total surface area, are shown as master curves in Figure 3 (a)-(d), respectively. The same shift factors at each oxidation temperature as those employed for oxidation yield were used to construct these master curves.
Master curves at 400°C were obtained for all four pore parameters despite some scatter of the experimental points. Both the micropore volume and microporous surface area showed a maximum with increasing oxidation time, but the external surface area only commenced increasing after ca. 10 h oxidation at 400°C and then continued to increase on further oxidation without exhibiting a maximum value. However, as for the BET surface area, the total surface area also showed a maximum. This was not unexpected since the total surface area is the sum of the microporous and external surface areas, with the former being much larger (by ca. an order of magnitude) than the latter in the present samples. The master curves relating to micropores, i.e. the micropore volume [ Figure 3 (a)] and microporous surface area [ Figure 3(b) ], indicate the formation of a large amount of micropores after oxidation at 400°C for only 1.5 h, ca. 0.2 ml/g of micropore volume and ca. 400 m 2 /g of microporous surface area being developed. This was of the same magnitude as the BET surface area [ Figure 2(b) ]. This observation may suggest the opening of closed pores existing in the original glass-like carbon. This will be discussed in detail in our next paper on the basis of experimental examinations by small-angle X-ray scattering and transmission electron microscopy, as well as by nitrogen gas adsorption.
DFT and BJH analyses
The pore-size distributions in the micropore range (0.4-2.0 nm) and the mesopore range (2.0-50.0 nm) were determined on the same samples using the DFT and BJH methods, respectively. Both the micropore and mesopore volumes were calculated for each sample from the cumulative pore volumes derived via the respective method and plotted as functions of the oxidation temperature and time. As for the oxidation yield, BET surface area and the four pore parameters discussed above, the master curves for the micropore and mesopore volumes at 400°C were calculated and are depicted in Figure 4 . The micropore volume evaluated by the DFT method could be separated into two subclasses, i.e. ultramicropores and supermicropores, as shown by the master curves for each parameter depicted in Figure 4(a) . The pore-size distribution as determined by the BJH method indicated that the amounts of pores with sizes larger than 5 nm present in the samples were negligible.
Initially, the micropore volume increased gradually with increasing oxidation time probably as a result of an increase in ultramicropore volume. However, when oxidation was conducted for times greater than 10 h, the micropore volume increased rapidly whereas the number of ultramicropores decreased gradually while the number of supermicropores increased. No development of mesopores with radii greater than 2 nm was observed. At oxidation times greater than 30 h, some mesopores appeared in the samples although the development of micropores still continued. 
Adsorption of phenol
A typical adsorption isotherm for phenol from its aqueous solution onto carbon spheres oxidized at 400°C for 100 h is shown in Figure 5 (a) and indicates that saturation occurred after exposure of the spheres to the aqueous solution for 10 h. Thus, in subsequent studies of phenol adsorption by the oxidized carbon spheres, the saturated amount of phenol adsorbed was calculated after exposure of the spheres to the corresponding aqueous solutions for 24 h. Such changes are plotted as functions of oxidation temperature and time in Figure 5(b) . Using the same procedure with the same shift factors as those for oxidation yield enabled the master curve for phenol adsorption onto carbon spheres oxidized at 400°C to be obtained. The corresponding plot is depicted in Figure 5 (c).
To understand the correspondence between the adsorptivity of phenol (i.e. the amount of phenol adsorbed at saturation) and the pore structure of the oxidized carbon spheres, plots were made of the measured adsorptivity versus the micropore volume as obtained from the corresponding α S -plot. As shown by the data depicted in Figure 6 (a), no correspondence was observed between these two parameters. However, a good linear relationship was obtained between the adsorptivity and the ultramicropore volume, which was determined by summing the pore volume up to a pore width of 0.8 nm as calculated by the DFT method.
The two special points indicated as *1 and *2 in Figure 6 (a) relate to data obtained on carbon spheres oxidized at 430°C for 10 h and 75 h, respectively. Although the micropore volumes of the carbon spheres employed in these two cases were similar, there was a considerable difference in the phenol adsorptivity exhibited by the two samples [ Figure 6(a) ]. This difference in adsorptivity may be attributed to the large difference in ultramicropore volume between the samples studied. Thus, the former exhibited a large ultramicropore volume whereas the proportion of such pores remaining in the latter sample after oxidation for a long time was quite small. It should be noted, however, that the two points *1 and *2 shown in Figure 6 (a) lie on the linear plot of adsorptivity versus ultramicropore volume depicted in Figure 6(b) .
DISCUSSION
The shift factors used to construct the master curves not only for oxidation yield but also for the various pore parameters and the adsorptivity for phenol gave an apparent activation energy of ca. 150 kJ/mol. Since the formation energies for gaseous CO 2 and CO are ca. 394 and 111 kJ/mol, respectively, the obtained value of the apparent activation energy is intermediate between these values. It should be noted that, in wet air, an apparent activation energy of ca. 200 kJ/mol has been reported (Inagaki and Suwa 2002) . Similar values of the activation energy have also been reported for the gasification of chars when the half-life, t 0.5 , of the process was employed in the analysis (Raghunathan and Yang 1989) . The activation energy determined in the present work was also only the apparent value; in other words, it was derived from the alternative expression for the conversion factors between oxidation temperature and time. For this reason, no attempt has been made here to compare the present activation energy values with those reported on the basis of kinetic studies of the oxidation and gasification of various carbonaceous materials. The value of the activation energy obtained by the shifting procedure reported is assumed to depend on the particle size and morphology as well as on the oxidation conditions, such as the oxidizing agent employed and its concentration, the gaseous flow rate, etc.
In addition, the comparison among the absolute values of the pore parameters determined by different analytical methods was difficult, because these methods were based on different assumptions. However, it is possible to compare the relative changes in various pore parameters with time at a given reference temperature by comparing the relevant master curves. The master curve for BET surface area was very similar to that for the microporous surface area as determined via the α S -plot method, which was reasonable since the magnitude of the BET surface area is governed 834 Tetsuo Nishikawa and Michio Inagaki/Adsorption Science & Technology Vol. 23 No. 10 by the presence of micropores in the samples studied. The data derived from an analysis of the BET surface area gave a maximum value after oxidation at 400°C for ca. 65 h, whereas the α S -plot method gave a similar maximum after ca. 30 h oxidation. Such a shift to shorter oxidation times is reasonable when consideration is taken of the fact that mesopores also contribute to the BET surface area. Indeed, the development of mesopores (which started after ca. 30 h oxidation) could be deduced from the changes in the mesopore volume measured by the BJH method. Again, the external surface area as measured by the α S -plot showed a very similar change with oxidation time to that exhibited by the mesopore volume. The master curves for micropore volume determined by the α S -plot and DFT methods were also similar and exhibited maxima similar to those for the microporous surface area and the BET surface area. Such maxima observed in the BET, total and microporous surface areas [Figures 2(b) , 3(d) and 3(b), respectively] may be explained in terms of the competition arising between pore enlargement associated with collapse and the subsequent loss of pore surface area.
To allow ready comparison, Figure 7 depicts the master curves for the micropore volume determined by the α S -plot method, the ultramicropore and supermicropore volumes determined by the DFT method and the mesopore volume determined by the BJH method, together with some SEM images which show the appearance of the spheres at various stages during the oxidation process. At the start of oxidation, i.e. up to 10 h at 400°C, the main process was the formation of ultramicropores. From 10 h to ca. 60 h, the relative amount of ultramicropores formed decreased, but the volumes of both supermicropores and mesopores increased with increasing oxidation time. Above 65 h, the volume of micropores decreased rapidly in conjunction with a slight increase in the mesopore volume, thereby resulting in a decrease in the surface areas measured by the different methods employed. This change in pore volume could be associated with the gradual enlargement and collapse of pores from ultramicropores through supermicropores and mesopores to macropores. SEM observations of the surfaces of the spheres seem to agree with such a pore development sequence, as shown by the micrographs depicted in Figure 7 . Such micrographs also provide some information regarding the formation of macropores, which could not be measured by gas adsorption analyses. After a few hours oxidation, no change in the sphere surfaces could be detected since micropores cannot be observed using SEM methods. Only a few pit-like holes could be observed after ca. 20 h oxidation; these were assumed to be related to the development of supermicropores and mesopores. The surfaces of the spheres became rough at and after passing through the maximum in the micropore volume, possibly due to the formation of macropores on the surface.
CONCLUSIONS
Pores were developed in carbon spheres by oxidation in dry air. The development of such pores, which was characterized by different pore parameters, was interpreted in terms of the master curves for each pore parameter. The influence of oxidation temperature and time was important for pore development as well as oxidation yield under the conditions employed for air oxidation, i.e. at a temperature of 355-430°C in a flow of dry air. Pore development was assumed to proceed principally via the collapse and enlargement of ultramicropores through supermicropores and mesopores to macropores.
